A few extraintestinal pathogenic Escherichia coli (ExPEC) multilocus sequence types (STs) cause the majority of community-acquired urinary tract infections (UTIs). We examine the genomic epidemiology of major ExPEC lineages, specifically factors associated with intestinal acquisition.
Urinary tract infections (UTIs) are one of the most common bacterial infections among young women worldwide. It is estimated that a third of women will experience at least 1 UTI requiring antimicrobial treatment by the age of 24 [1] . Extraintestinal pathogenic Escherichia coli (ExPEC) are responsible for >80% of UTIs [2] . The intestinal acquisition of ExPEC has been associated with multiple exposures, including poultry contact or consumption, contact with companion animals, and direct transmission between sex partners and household contacts [3] . Once ExPEC colonize the intestinal tract, they can remain there for months to years without any ill effects [4] . Host behavior, medical interventions, physiologic abnormalities, and ExPEC virulence profiles facilitate transit from the gastrointestinal tract to extraintestinal body sites where they can cause infection [1] . These extraintestinal body sites include the meninges, bloodstream, surgical, abdominal cavity, prostate, respiratory, and most commonly the urinary tract [1, 2] .
Multilocus sequence typing (MLST) is a standard approach for grouping evolutionarily related ExPEC into sequence types (STs) [5] . Despite the large diversity of ExPEC STs, recent studies show that ST12, ST69, ST73, ST95, ST127, and ST131 are predominant lineages causing extraintestinal infections worldwide [6] [7] [8] . Certain STs are also associated with specific antimicrobial resistance phenotypes. ST69 is associated with trimethoprim-sulfamethoxazole resistance [9] , and ST131 is associated with extended-spectrum β-lactamases (ESBL) and fluoroquinolone resistance [10] . The pandemic ST131 lineage, specifically the H30R and H30Rx subgroups, has contributed to the global dissemination of cephalosporin and fluoroquinolone resistance [10] . In contrast, ST95, ST73, and ST127 are common causes of extraintestinal infections but are often fully susceptible.
We previously showed that prior antibiotic and UTI history, travel to Asia, consumption of chicken, shellfish, street foods, organic fruit, and contact with chickens, dogs, and pet treats are associated with UTIs caused by multidrug-resistant (MDR) ExPEC in women across Canada [11] . In this study, we extend our investigation and examine exposures associated with UTI caused by specific ExPEC lineages. We also investigate genomic relatedness between ExPEC isolates. Identifying the exposures and reservoirs of common, community-acquired ExPEC lineages will aid our understanding of the evolution, emergence, and dissemination of high-risk strains within the community setting.
METHODS

Study Design
This multisite epidemiologic study of women with communityacquired UTI has been described previously [11] . Research ethics boards at each university health clinic approved the study design (UBC REB H11-03439). Briefly, 399 women with suspected UTI caused by E. coli were enrolled from university health clinics at Saint Mary's University (SMU), McGill University (McGill), the University of Toronto (UofT), the University of Guelph (UofG), and The University of British Columbia (UBC) between 2012 and 2015. UTI was defined as the presence of at least 2 of the following symptoms: increased urinary frequency or urgency, dysuria, pyuria, or hematuria. Women who provided consent were asked to complete an online questionnaire requesting information on demographics, dietary habits, travel history, animal contact, history of UTI, health status, and other exposures over a 30-day period before their UTI. Only the initial E. coli isolate from women experiencing recurrent UTIs was included in the study.
E. coli Isolates and Antimicrobial Susceptibility
Isolate collection and antibiotic susceptibility testing have been described previously [11] . In brief, E. coli was transported using Uricults (Orion Diagnostica Uricult, Espoo, Finland). E. coli isolates were identified using indole testing and growth on both MacConkey and CHROMagar MH Orientation Chromogenic media (Becton-Dickinson, Paris, France). A single colony from the selective MacConkey agar was incubated overnight at 37°C in Lysogeny Broth and stored at −80°C in 15% glycerol. E. coli isolates were transferred to the National Microbiology Laboratory, Public Health Agency of Canada, Saint-Hyacinthe, Québec, for antimicrobial susceptibility testing by microdilution [11] .
DNA Isolation and Sequencing
DNA was extracted from E. coli isolates using the PureLink Genomic DNA Mini Kit (Thermo Fisher) and used to construct sequencing libraries using the TruSeq DNA PCR Free Library Construction Protocol (Illumina). The first 161 E. coli isolates were sequenced at UBC Pharmaceutical Sciences Sequencing and Bioinformatics Consortium on the Illumina HiSeq 2500 platform. The second set of 241 E. coli isolates were sequenced at the British Columbia Genome Sciences Centre using the Illumina HiSeq X platform.
Genomic Sequence Analysis
Read quality was assessed using FastQC (http://www.bioinformatics. babraham.ac.uk/projects/fastqc/). The Shovill 1.0 pipeline was used for both adaptor trimming and de novo genome assembly (https:// github.com/tseemann/shovill). Adaptor trimming was performed with trimmomatic v0.36 [12] and genome assembly with SPAdes 3.12.0 [13] . The resulting contigs were kept if their lengths exceeded 500 bp and they had a minimum coverage of 3×. Draft genome quality was verified using taxonomic nearest-match identification with Mash v2.0 and RefSeq70 [14] , contig metrics with QUAST v4.0 [15] , and completeness with BUSCO v3.0 [16, 17] . Prokka v1.13.3 [18] and FimTyper v1.0 [19] were used for draft genome annotation and fimH typing, respectively.
Multilocus Sequence Typing Classification
Multilocus sequence typing (MLST) was performed in silico using the mlst v2.11 program (https://github.com/tseemann/ mlst) using the Achtman scheme [20] .
Identification of Acquired Antimicrobial Resistance Genes
The Comprehensive Antibiotic Resistance Database (CARD) Resistance Gene Identifier (RGI) was used to identify both acquired antimicrobial genes and mutations conferring resistance to an antimicrobial agent present in the genome assemblies [21] . Antimicrobial resistance genes were defined as present if they shared 95% identity, at 95% coverage, to a corresponding gene. Resistance gene classes were reported if at least 1 gene from a given class was present in 1 of the common ExPEC STs. Genes or gene classes present in all isolates are not shown.
Phylogenetic Analysis
The default settings in Roary v3.12.0 [22] were used to construct ST-specific core genome alignments. The resulting alignments were used for the creation of maximum likelihood phylogenetic trees using IQ-TREE v1.5.5 [23] . IQ-TREE's model finder [24] was employed to identify a consistent evolutionary model for all separate STs. The Generalized Time Reversible (GTR) model using FreeRate heterogeneity correction was chosen to configure each phylogeny. The minimal ancestor deviation method was used to root each phylogeny [25] . One hundred bootstrap replicates were used for node support. The phylogenies were visualized with the ggtree package in R [26] .
Single Nucleotide Variant Comparison
Snippy v4.3.0 (https://github.com/tseemann/snippy) was used to identify single nucleotide variants (SNVs) within each E. coli STs by read mapping [27, 28] and variant calling [29] . Mapping the reads of 1 isolate onto the entire draft genome of the corresponding isolate was performed in a pairwise manner.
Statistical Analysis
The outcome was defined as a UTI caused by 1 of the 5 major ExPEC STs, including ST69, ST73, ST95, ST127, and ST131. A single control group consisted of women with UTIs caused by other E. coli STs, including novel STs, singletons STs, and STs that appeared in <3% of women. Logistic regression was performed for each specific ST separately to examine exposures associated with major ExPEC ST acquisition and infection. Odd ratios, 95% confidence intervals (CIs), P values, and false discovery rate (FDR)-adjusted P values were visualized using . The ST131 phylogeny was further annotated with fimH type and the quinolone resistance phenotype of the isolate. The * for fimH complex denotes unknown fimH type. Acquired resistance genes were identified using resistance gene identifier (RGI) and the Comprehensive Antibiotic Resistance Database (CARD). Genes were grouped into gene families except for β-lactamase genes, the fosA gene and mutated dihydropteroate synthase (folP), gyrase subunit A (gyrA), and DNA topoisomerase 4 subunit A (parC) genes conferring resistance. Gene families were abbreviated as follows: aminoglycoside (3) acetyltransferase (aac (3)), aminoglycoside nucleotidyltransferase genes (ant(3'')), aminoglycoside phosphoryltransferase genes (aph(3'); (aph(3''); aph (6) ), cephamycinase genes (CMY-2), β-lactamases active on cefotaxime (CTX-M-*), OXA β-lactamases (OXA-1), TEM βlactamases (TEM-*), CARB β-lactamases (CARB-3), chloramphenicol acetyltransferase genes (cat), dihydrofolate reductase genes (dhfr), macrolide phosphotransferase genes (mph), tetracycline resistance genes (tet) including tet(A); tet(B); tet(R), and sulfonamide-resistant dihydropteroate synthase genes (sul).
a Forest plot. Additional multiple logistic regression models were fit for ST69 and ST131, adjusting for single drug class resistance and MDR status, defined as resistance to ≥3 classes of antimicrobial agents. MDR adjustment would help determine whether the exposures were associated with genotype or resistance phenotype. All statistical analyses and visualization were performed with R, version 3.5.1.
RESULTS
A total of 399 women experiencing a UTI from October 2012 to May 2015 were included in this study. The majority of women were recruited from UofG (n = 135; 33%), UBC (n = 114; 28.8%), McGill (n = 113; 28.6%), and UofT (n = 32; 8.3%); 5 women were enrolled from SMU (1.3%).
E. coli Isolates and MLST Designation
Of the 399 sequencing data sets, 14 isolates were removed due to sequencing failure or poor genome metrics. E. coli genomes from 385 women with UTI were available for further analysis (Supplementary Data). Assembled genomes were classified into 87 different STs, whereas 12 isolates exhibited novel STs (Supplementary Data). The major STs included ST95 (n = 71), ST73 (n = 39), ST127 (n = 35), ST131 (n = 34), and ST69 (n = 29) and accounted for 54% of all UTIs. The control group included 177 women with a UTI caused by singleton STs (n = 134), novel STs (n = 12), and less common STs (n = 31).
Phylogenetic Analysis and Pairwise SNV Differences
Core genome-based phylogenies were constructed to determine the genomic relatedness within each major ST case group (Figure 1 ). Genomes were further interrogated to quantify the number of SNV differences. ST69 (core genes = 3739), ST73 (core genes = 3822), and ST127 (core genes = 3857) were heterogenic ( Figure 1A , B, D). However, a pair of ST69 isolates (Ec_452 vs Ec_397) showed 33 SNV differences, and a pair of ST127 isolates showed 3 SNV differences ( Figure 1A, D) . Only the ST127 pair was geographically and temporally linked; the isolates were both collected at UBC a month apart ( Figure 1D ; Figure 1E ; shaded section), which were recovered a year apart. Six genetically related ST131 H30R isolates were recovered from several geographical locations over a 2-year period ( Figure 1E ). Multiple clusters of UTIs caused by genetically related E. coli isolates were detected within the control group, including ST420, ST998, and ST1193. Phylogenies for ST420, ST998, and ST1193 are provided in Supplementary Figure 1 . ST420 contained 2 isolates that differed by 4 SNVs, and both isolates were recovered from women at UofT within a 2-week period (Supplementary Figure 1A) . A single cluster of ST998 isolates (62 SNV differences) was also observed (Supplementary Figure 1B) . ST1193 contained 6 isolates that differed by between 37 and 104 SNVs; however, these UTIs occurred at 3 separate sites (Supplementary Figure  1C) . Five of the 6 closely related ST1193 isolates were MDR, and all isolates harbored mutations in gyrA and parC conferring resistance to quinolones (Supplementary Figure 1C) . Isolate genomes within all clusters exhibited >20× average sequencing depth.
Antimicrobial Susceptibility
The frequency of antimicrobial resistance by class and outcome group is summarized in the Supplementary Data 3. The Figure 2 ). Isolates belonging to ST69 and ST131 showed elevated odds of resistance to multiple antibiotic classes (Figure 2 ). The ST69 lineage was strongly associated with sulfonamide resistance (odds ratio [OR], 9.35; 95% confidence interval [CI], 3.91-22.33). The ST131 lineage was strongly associated with resistance to the macrolide (OR, 8.92; 95% CI, 3.34-23.84), quinolone (OR, 5.86; 95% CI, 2.59-13.62), and penicillin (OR, 4.41; 95% CI, 2.03-9.56) drug classes compared to the control group (Figure 2 ).
Antimicrobial Resistance Gene Profiles in Common ExPEC Genomes
Each phylogeny ( Figure 1A -E) includes a heatmap of acquired antimicrobial resistance (AMR) genes identified in the genome sequences. AMR genes were infrequent in ST95, ST73, and ST127 linages ( Figure 1B-D) . Both ST131 and ST69 ( Figure 1A , E) exhibited the most AMR genes out of all major lineages. TEM-1 was the most prevalent broad-spectrum β-lactamase in all lineages except for ST127, which contained OXA-1 ( Figure 1A-E) .
CTX-M genes were present in ST69 and ST131 lineages ( Figure  1A , E). ST131 was the only major ST with a detectable fosA gene.
Exposures Associated With Predominant Sequence Types
The relationships between specific exposures and infection with each predominant ST are presented in Figure 3 . The Supplementary Data contains the complete epidemiologic analysis results. Women with UTIs due to ST127 reported more frequent consumption of undercooked eggs, daily consumption of dining hall food, and travel to Europe relative to the control group (Figure 3 ). Exposures negatively associated with UTI caused by ST127 were handling of seafood products and age (Figure 3) .
Women with UTI caused by ST131 isolates reported more travel, higher consumption of uncooked shrimp, greater contact with fish, and daily consumption of peanut butter ( Figure  3 ). Consumption of antibiotic-free meat was negatively associated with ST131 ( Figure 3 ). After adjustment for multidrug resistance, consumption of fruit salad and tap water were linked Women with UTIs caused by ST69 reported more travel and greater consumption of raw meat, avocados, vegetable juice, organic dairy, and tap water than women in the control group (Figure 3) . Ground beef preparation, consuming antibiotic-free meats, and drinking filtered tap water were negatively associated with ST69 UTI (Figure 3 ). Multidrug-resistant ST69 isolates were associated with the consumption of fruit smoothies >1-3 days per week (OR, 22.5; 95% CI, 3.07-271.1).
Women with UTI caused by ST73 reported more frequent consumption of street vendor-prepared food (Figure 3 ). Consumption of melons and eating at a student dining hall were negatively associated with a ST73 UTI (Figure 3) .
Women with UTIs caused by ST95 reported more travel, greater peanut butter and almond consumption, and handling raw pet food compared with the control group (Figure 3 ). Consuming walnuts, using a Jacuzzi, eating other organic foods, and eating at restaurants, however, were negatively associated with UTI caused by ST95 (Figure 3 ).
DISCUSSION
In this study, we identified clusters of related ExPEC lineages and self-reported exposures associated with the acquisition of and infection with specific ExPEC lineages. ST95, ST127, ST131, ST73, and ST69 were the most common STs causing community-acquired UTIs in young women at 5 sites across Canada. This distribution of STs mirrors recent results from a study conducted at the University of California Berkeley between 1999 and 2017 [8] . These STs have been shown to be responsible for the greatest burden of extraintestinal infections worldwide [6, 7] .
Core genome phylogenies of ST95, ST127, ST131, ST420, ST998, and STT1193 identified 7 genetically related isolate clusters. Furthermore, several ST95, ST127, and ST420 isolates exhibited nearly indistinguishable genomes. These genomic results resemble whole-genome sequencing-based analyses of enteric disease outbreak investigations [30] . ST95, ST420, ST998, ST1193, and ST131 clusters were observed but exhibited greater SNV differences. A cluster of UTIs caused by MDR ST1193 was observed between 2012 and 2014, which coincides with the emergence of fluoroquinolone-resistant ST1193 isolates in the United States [31] . ExPEC ST131 and ST69 were associated with greater resistance to multiple antimicrobial classes and carried the most CTX-M-related genes out of all predominant STs (Figures 1 and  2) , which is consistent with prior investigations [32] . In contrast with other studies, we found that TEM-1 was more prevalent than CTX-M-15 [33] . This discrepancy may be explained by our inclusive sampling of all consecutive community-acquired UTIs. However, the increased prevalence of antimicrobial-susceptible ST73, ST95, and ST127 lineages suggests that factors other than resistance play a role in dissemination within the community.
Dissemination of these common ExPEC lineages may be related to consumption of established high-risk foods, travel, or other factors. ExPEC outbreaks have been identified across Europe and North America but these reports lack information on possible sources of the E. coli involved in the outbreaks [34] . Diarrheagenic E. coli outbreaks have been associated with the following high-risk foods: meat, fruit and vegetables, raw dairy products, raw eggs, and seafood or shellfish [35] . We show that all major ExPEC STs are associated with at least 1 of these high-risk foods (Figure 3 ). ST131 UTI is associated with selfreported consumption of shrimp and contact with fish. A recent study isolated several clinically relevant ExPEC STs from fish, including ST10, ST38, and ST131, which suggests that an aquatic reservoir may exist for ExPEC STs [36] . Women with ST131 or ST69 UTI reported less frequent consumption of antibiotic-free meats. Both ST131 and ST69 ExPEC have been identified in food animal reservoirs [3] . Food animals exposed to antibiotics may select for ST131 and ST69 lineages, which could be transmitted to humans via retail meat. UTIs caused by ST69 were positively associated with consumption of raw meat and organic dairy, which have been associated with outbreaks caused by other E. coli pathotypes [35] . UTIs caused by ST73 and ST127 were associated with eating locations. These STs may be human host-specific STs and may be more likely to be transferred directly from person-to-person, as few studies have identified these STs in food or other animal reservoirs [3] .
This study is the first to identify peanut butter consumption as a risk factor for UTI caused by both ST131 and ST95. A traceback investigation was infeasible; therefore, a direct connection between these STs and exposure to peanut butter cannot be tested. However, a previous trace-back study confirmed hazelnuts to be the source of a multistate E. coli O157:H7 outbreak in the United States in 2011 [37] . It has been theorized that fecal contamination of fallen tree nuts arises from wild deer or cattle, and in turn, the consumption of the contaminated tree nuts can lead to the acquisition of E. coli [37] . In addition to tree nuts, others have proposed the harvesting process as a likely source of E. coli contamination in the peanut's supply chain [38] . As the consumption of both almonds and peanut butter has been identified as risk factors for UTIs caused by ST95, it is plausible that some of the theorized routes of fecal contamination of tree nuts could apply to peanuts. Travel variables were positively associated with UTIs caused by all major ExPEC lineages except for ST73. Travel to Europe was specifically associated with development of UTIs caused by ST127. ST127 is 1 of the dominant lineages in the United Kingdom [39] . It is possible that travel and/or travel-related disturbances to the intestinal microbiota make intestinal acquisition of new ExPEC strains more likely [40] .
This study has several strengths and limitations. A small fraction of isolates had less optimal sequencing metrics, but this did not affect ST classification and cluster identification. We omitted dated phylogenies because of our short study period and concerns over phylogenetic dating modeling assumptions. Further limitations include the number of hypotheses tested, finite sample size, and limited statistical power. Future studies should also investigate person-to-person exposures that may be related to the acquisition of these major STs, especially for ST73. Poor recall of diet and other common exposures is frequent and will increase measurement error. Lastly, the control group included women with UTIs caused by less common, but clinically relevant STs, which may have influenced the identification of some relationships. Despite these limitations, consumption of high-risk foods and travel are consistent with intestinal acquisition of other E. coli pathotypes and previous studies investigating ExPEC reservoirs.
The study's strengths include the collection of all consecutive E. coli isolates causing community-acquired UTI from healthy women across Canada. This study is also one of the first to link epidemiological data with high-resolution genome sequencing data to address risk factors associated with developing UTIs caused by common ExPEC STs.
Investigation of reservoirs and transmission routes for pandemic ExPEC lineages is a public health priority, especially given the closely related genomes identified in this study. Furthermore, finding factors that contribute to the spread of successful lineages may help prevent the future emergence and dissemination of high-risk lineages within the community.
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